. The biophysical properties of other channel Yale University types may similarly restrict their efficacy in suppressing P.O. Box 208103 neuronal excitability. Inward rectifier and voltage-gated New Haven, Connecticut 06520 K ϩ channels, for example, typically operate over only part of the voltage range in which neurons are normally active.
Summary
As an alternative to naturally occurring channels, we have genetically engineered a novel K ϩ channel, derived We describe here a general technique for the graded from the Drosophila Shaker channel, for use as a supinhibition of cellular excitability in vivo. Inhibition is pressor of electrical activity in vivo. Drawing on strucaccomplished by expressing a genetically modified ture/function studies of the Shaker channel, we have Shaker K ؉ channel (termed the EKO channel) in tarincorporated mutations that enhance the ability of this geted cells. Unlike native K ؉ channels, the EKO chanchannel, which we call the "electrical knockout" or nel strongly shunts depolarizing current: activating at "EKO" channel, to shunt depolarizing current. First, we potentials near E K and not inactivating. Selective tarhave shifted the channel's voltage dependence of actigeting of the channel to neurons, muscles, and photovation in the hyperpolarizing direction so that the EKO receptors in Drosophila using the Gal4-UAS system channel activates in most Drosophila cells at voltages results in physiological and behavioral effects consisof approximately Ϫ60 mV. It can thus counter depolartent with attenuated excitability in the targeted cells, ization over a broad range of potentials without prooften with loss of neuronal function at higher transfoundly altering resting physiology. Second, we have gene dosages. By permitting the incremental reducdeleted the N-terminal domain responsible for fast inaction of electrical activity, the EKO technique can be tivation to allow sustained channel activation in reused to address a wide range of questions regarding sponse to depolarization. To permit monitoring of channeuronal function.
nel expression and localization, we have also fused the truncated N terminus to the green fluorescent protein Introduction (GFP), leaving the PDZ binding domain at the C terminus of the native Shaker channel intact. This ensures localTechniques for manipulating the activity of targeted cells ization of the EKO channel to sites normally occupied in living animals are essential to understanding how by the Shaker channel (Kim et al., 1995; Tejedor et al., different classes of neuron contribute to the formation 1997), which is broadly expressed in the Drosophila nerand function of the nervous system. While methods have vous system and in muscles. been developed for suppressing synaptic activity in speHere, we demonstrate the ability of the EKO channel cific subsets of neurons in Drosophila using the genes to suppress cellular excitability in culture and in vivo for either tetanus toxin light chain (Sweeney et al., 1995) using the Drosophila Gal4-UAS system (Brand and Perrior the dynamin mutant, shibire (Kitamoto, 2001), more mon, 1993). We show that the channel can inhibit excitgeneral techniques for perturbing neuronal function by ability in a variety of cell types, including motoneurons, manipulating membrane excitability are desirable. Such muscles, and photoreceptors. In most cases, the level techniques would allow one to suppress (or enhance) of inhibition increases incrementally with increased EKO not only neurotransmission, but also other electrical protransgene dosage. In addition, we show how the EKO cesses involved in the modulation and integration of channel can be used to investigate the role of electrical inputs or the encoding of outputs. activity in neural development, sensory neuron function, Molecular genetic approaches to suppressing electriand the generation of specific behaviors. In addition cal activity have focused on overexpressing the genes to graded manipulation of neuronal activity in targeted of cloned K ϩ channels in neurons. K ϩ channels of several cells, conditional inhibition using temperature shifts is different types have been shown to suppress the excitability of neurons in culture (Kaang et Results mV to Ϫ85 mV ( Figure 1B) , and rapid inactivation was eliminated ( Figure 1C ). The small decline in current amplitude during prolonged depolarizing steps may indiConstruction and Expression of the EKO Channel To create a channel that would act as an effective current cate residual "C-type" inactivation (Hoshi et al., 1991) . Expression of the channel in cultured Aplysia neurons shunt and act to suppress electrical excitability, we modified the gene of the Drosophila Shaker K ϩ channel ( Figure 1D ), confirmed its ability to suppress excitability. The channel locked the resting potential of expressing as illustrated in Figure 1A . To shift the activation threshold in the hyperpolarizing direction, we neutralized the neurons at the equilibrium potential for K ϩ (E K ϭ Ϫ76 mV) and decreased the input resistance over 30-fold paired charges in transmembrane domains S3 and S4, introducing the point mutations D→N and K→Q first ( Figure 1E ). Although current injections of 1 nA routinely elicited action potentials in control cells, injections of described by Papazian et al. (1991) . To attenuate inactivation and tag the channel for detection, we replaced current up to 10-fold higher elicited only passive current responses from expressing cells ( Figure 1F ). the N-terminal inactivation domain (Hoshi et al., 1990) with GFP, leaving the PDZ binding domain at the C terminus intact. We confirmed that the modified channel Expression of the EKO Channel in Drosophila Neurons and Muscles Inhibits Excitability has the desired physiological properties by expressing the gene in Xenopus oocytes: threshold for current actiTo test the ability of the EKO channel to inhibit excitability in targeted cell types in Drosophila, we exploited the vation of the channel was shifted by approximately Ϫ40
Gal4-UAS system developed by Brand and Perrimon
We expected expression of the EKO channel in Dro-(1993). We generated seven independent UAS-EKO lines sophila cells to significantly reduce cellular excitability and selected the two strongest expressing lines for the and, indeed, in the course of current clamp recordings, studies described here. One of these, E222
ϩ , fortuitously we routinely noted muscle contractions in control fibers, contains a double insert of the EKO channel gene on the but none in fibers expressing two copies of the EKO second chromosome, while the other, E323 ϩ , contains a channel gene. Consistent with this, we noted decreases third chromosome insert. Using these two chromoin both input resistances and resting membrane potensomes, individually or in combination, we began our tials in muscles expressing two copies of the EKO transanalysis with flies expressing up to three copies of the gene. On average, resting potentials were hyperpolar-EKO transgene in either the nervous system, using the ized by Ϫ9 mV in EKO-expressing muscles (Ϫ62 Ϯ 2 C155/elav-Gal4 driver, or musculature, using the 24B-mV, n ϭ 15 versus Ϫ53 Ϯ 3 mV in controls, n ϭ 9), and Gal4 driver. Both drivers promote robust and sustained input resistances measured at the resting potential were expression of Gal4 in these tissues starting early in em-74% smaller (1.2 Ϯ 0.1 M⍀, n ϭ 11 versus 4.6ϩ0.8 M⍀, bryonic development, prior to synaptogenesis, and exn ϭ 10 in control fibers). tending into adulthood.
To directly demonstrate inhibition of excitability by Expression of two copies of the EKO transgene in the EKO channel, we measured excitatory postsynaptic the embryonic nervous system (Figure 2A muscles also represents a reduction in excitability since To confirm that the EKO channel is functionally exit decreases the likelihood that the membrane will reach pressed in both neurons and muscles, we examined the threshold for Ca 2ϩ channel activation. Both the attenthe whole-cell currents of embryonic neurons and larval uation of EPSP amplitude and the decrease in decay muscles from animals expressing two copies of the EKO time result from the nearly 4-fold reduction in membrane transgene. K ϩ current densities in both cultured embryresistance in EKO-expressing muscles. The difference onic neurons and larval muscles expressing the EKO in EPSP amplitude between EKO-expressing muscles transgene were over 2-fold larger than those of control and controls remains modest, however, because the cells expressing GFP alone ( Figures 2B, 2D, and 2G) . potential change during the brief synaptic current deAs expected, the activation threshold of these currents pends largely on the muscle membrane capacitance was also substantially shifted in the hyperpolarizing dirather than its resistance. rection in both cell types: Ϫ30 mV in neurons and Ϫ26 mV in muscles ( Figures 2B, 2D, Electrical and synaptic activity appear to play differential roles in the development of neuromuscular connecExpression of three copies of the EKO transgene in the nervous system resulted in 100% embryonic lethality. tivity in Drosophila larvae. While a reduction of presynaptic excitability during early development degrades the In both nerves and muscles, the increasing lethality neurons expressing either EGFP alone (left) or two copies of the EKO transgene (right). Recordings were made using the whole-cell patch clamp technique from neurons two days after plating. Holding potential was Ϫ90 mV. (D) Muscle currents: representative whole cell currents recorded by two-electrode voltage clamp from muscles in animals expressing GFP alone (Control, left) or two copies of the EKO transgene (right). The currents elicited by depolarization from Ϫ80 mV to ϩ20 mV in 10 mV steps are shown before and after treatment with 4 mM 4-AP to eliminate the EKO current. The 4-AP sensitive difference current is also shown for depolarizations to Ϫ80, Ϫ50, and Ϫ10 mV (bottom). The rapidly inactivating, native Shaker current seen in control muscles is absent in the EKO-expressing muscles. All recordings were made from ventral longitudinal muscle 6 in segment A2 in low Ca 2ϩ saline to suppress calcium currents and contraction. (E and F) Current voltage relations for the neuronal and muscle currents shown in (B) and (D), respectively. (G and H) Average peak K ϩ current densities (G) and activation thresholds (H) are shown for all embryonic neurons and third instar larval muscles assayed as described in (B) and (D). (n Ն 20 in all cases except muscle current densities where n ϭ 5 for both EKO and EGFP). Muscle current densities were calculated using the reported specific capacitance for muscle 6 (Jan and Jan, 1976). stereotyped precision of neuromuscular connections and results in multiple ectopic synapses on inappropriate muscle fibers (Jarecki and Keshishian, 1995; Chang and Keshishian, 1996), synaptic blockade does not appear to have a similar effect (Jarecki and Keshishian, 1995; Sweeney et al., 1995). The consequences of reducing excitability in the muscle are unknown. Here, we use the EKO technique to first confirm that inhibition of presynaptic activity enhances the establishment of ectopic neuromuscular contacts on embryonic muscle fibers and then to establish that partial suppression of electrical activity in muscles during development does not.
Applications of the EKO Technique The selective inhibition of electrical function by the EKO channel in both neurons and muscles demonstrates the efficacy of the EKO technique. The following examples illustrate applications of the technique to three principal
The hemisegmentally repeated ventral longitudinal muscles (VLMs) of the embryonic bodywall, muscle fibers 6, 7, 12, and 13 (shown schematically in Figure 5A ), are not normally innervated by axons of the transverse nerve (TN), which runs along the segmental borders of the abdominal bodywall (Gorczyca et al., 1994) . Since none of the native, stereotyped synapses normally formed on the VLMs derive from the transverse nerve, any TN-derived innervation of these muscles is inappropriate, making these ectopic contacts a reliable and sensitive assay for altered connectivity. Taking advantage of the nearly complete suppression of motoneuron activity in embryos expressing three copies of the EKO transgene under the C155/elav-Gal4 driver, we arrested development of such embryos at late stage 17 and immediately analyzed the VLM innervation pattern without fixation by fluorescence confocal microscopy, scoring for abnormalities in branching of the transverse nerve ( Figure 5C ). Control embryos, expressing two copies of GFP instead of the EKO channel, were similarly staged ( Figure 5B ). We found an approximately 100% increase in both the frequency and average length of the collateral branches in animals expressing the EKO channel (Figures 5D and 5E ).
To ask whether inhibition of muscle activity might lead to aberrations in neuromuscular synapse formation similar to those observed upon partial motoneuron silencing during development ( Figure 5F , neuron), we examined VLMs 6 and 7 for TN-derived ectopic synapses in third instar larvae expressing two copies of the EKO transgene. As shown above, such animals show substantial evidence of muscular inhibition during development. However, third instar larvae, filleted and stained with anti-HRP antibodies to visualize motor nerve terminals, did not show any significant difference in the maximal speeds of all animals assayed at that dosage (n Ն 10).
Targeted Inhibition Using a Modified K ϩ Channel 705 ( Figure 5F , muscle), suggesting that normally active motoneurons do not sprout inappropriately when confronted with muscle fibers of reduced excitability.
Manipulation of Neuronal Response: Identifying Adaptive Mechanisms in Sensory Neurons
The experimental reduction of electrical activity can be used not only to study processes in neural development, but also cellular processes such as the modulation or maintenance of response to inputs. Such mechanisms are clearly important in sensory neurons such as photoreceptors, which must respond to input strengths that differ by many orders of magnitude and must remain responsive in the presence of persistent stimuli.
To determine whether the EKO technique might be useful in analyzing sensory neuron function, we selectively expressed up to six copies of the EKO transgene in Drosophila photoreceptors using the GMR-Gal4 driver. The pattern of expression is shown in Figure 6A one collateral was present, the TN was scored according to the when neurons are partially silenced by temperature shift using the longest collateral present.) levels. Surprisingly, this treatment only partially reverses changes in ERG amplitude and waveform ( Figure 6D ), suggesting that photoreceptors may adapt to EKO-mediated attenuation of excitability in several ways. While we cannot exclude the possibility that nonspecific effects of the drug prevent complete reversal of suppression, 4-AP application has no significant effect on the photoresponse of control animals during the time window examined. Taken together, our results demonstrate that the EKO channel can be successfully used to manipulate the response properties of photoreceptors, and that its application promises to identify novel physiological mechanisms underlying sensory neuron function. Targeted Inhibition Using a Modified K ϩ Channel 707 A307-Gal4 are not overtly impaired, all of those expressing three copies display both anatomical and behavioral abnormalities. Two are shown in Figure 7B (right) . In addition to pronounced pigmentation of the thoracic trident (white arrow), a condition that phenocopies the pentagon mutation, these animals fail to expand their wings (black arrowheads), though control flies with three copies of the EKO transgene but lacking the A307 driver are normal (Figure 7B, left) .
Uncovering the Neuronal Correlates of Specific Behaviors One of the goals of neuroscience is to establish the neuronal correlates of specific behaviors. Behavioral screens to identify candidate neurons involved in olfactory function have previously been performed using UAS-TetTx lines in conjunction with enhancer trap generated fly lines expressing Gal4 in random subsets of neurons (Sweeney et al., 1995). The potency of TetTx may limit its utility in screens of adult behaviors, however, as expression at even single copy dosages often results in developmental lethality (Sweeney et al., 1995). The ability of the EKO channel to suppress neuronal excitability in a graded fashion may make it a useful complement to TetTx for behavioral screens by allowing adult phenotypes inaccessible by the
Wing expansion is accomplished shortly after eclosion by driving hemolymph into the wing veins by abdominal contractions. Release of eclosion hormone is thought to help coordinate this behavior, though ablation of the neurons that secrete this hormone inhibits wing-expansion in only about two-thirds of flies (McNabb et al., 1997) . These neurons are therefore unlikely to be the targets of suppression under A307-Gal4 since three copies of the EKO transgene completely prevent wing expansion. Similarly, identified neurons of the giant fiber system that express Gal4 under A307 are unlikely to drive wing expansion behavior since disruptions in giant fiber connectivity have not been reported to cause wing abnormalities (Thomas and Wyman, 1984; Allen et al., 1999). Evidence that the target is neuronal (and that the deficit results from changes in excitability) comes, however, from our observation that wing-expansion behavior can be modulated by levels of Na ϩ , as well as K ϩ , current in the affected cells (see below). This rules out muscle as a possible target, because in flies, muscle excitability is governed by the relative membrane conductances for Ca 2ϩ and K ϩ , but not Na ϩ ions (Salkoff and Wyman, 1983).
The nearly complete absence of wing expansion defects in flies expressing two copies of the EKO channel under A307-Gal4 ( Figure 7C) indicates that the affected cells in these animals must have EKO (i.e., K ϩ ) conduc- a specific adult behavior: one or more of the neurons in which A307-Gal4 drives EKO channel expression must be necessary for wing expansion. We anticipate that ure 7A). In contrast, EKO channel expression under the expressing the EKO channel in other Gal4 enhancersame driver is pupal lethal only at four copy dosage, trap lines will be an efficient way to screen for neurons with intermediate levels of survival at two and three whose functions are essential for the execution of other copy dosages. Interestingly, while most adult animals behaviors. Such screens for the cells underlying specific behaviors, first pioneered using TetTx, are analogous expressing two copies of the EKO transgene under to classic genetic screens for behavioral deficits and hyperpolarized in EKO-expressing cells by Ϫ10 mV or more relative to controls. The EKO channel thus reduces might be called "neurotrapping." excitability not only by decreasing membrane resisOur results also provide strong evidence that the wing tance, but by increasing the voltage change required to expansion defect caused by EKO channel expression activate depolarizing currents, such as those carried by under the A307-Gal4 driver derive from a reduction of voltage-gated Na ϩ and Ca 2ϩ channels. The persistent neuronal excitability, since the frequency of the defect activation of EKO channels at rest further indicates that can be altered by shifting the balance of voltage-sensislow inactivation processes do not impair the channel's tive Na ϩ and K ϩ currents. The method we introduce for ability to inhibit excitability at long-time scales. regulating the efficacy of suppression using the temper-
The suppression of motor function in animals expressature-sensitive para ts1 mutant also provides a potentially ing the EKO channel in either all neurons or all muscles rapid experimental switch for turning EKO-mediated confirms the efficacy of the EKO channel, as does the suppression "on" and "off."
EKO-mediated inhibition of wing expansion behavior seen with the A307-Gal4 driver. In all cases, the severity . channel that retains the advantages but lacks the disadInterestingly, EKO expression achieves only partial supvantages of many naturally occurring K ϩ channels that pression of excitability in photoreceptors, even at high have previously been used to inhibit neuronal excitabiltransgene copy numbers, suggesting that there may be ity. The channel is active at potentials near typical neua limit to conductance increases in some cell types. ronal resting potentials, increases its activation with inSuch limits may represent limits in surface expression, creasing depolarization, and tends not to inactivate in perhaps set by the number of Discs Large adaptor sites response to depolarization. Coupled with the Gal4-UAS at the membrane. system for cell-specific expression in Drosophila, the We designed the EKO channel to localize subcellularly EKO channel represents a powerful tool for suppressing to sites normally occupied by the Shaker channel in the function of selected groups of neurons. We show Drosophila, and our evidence indicates that it is enriched how graded suppression can be accomplished by adat such sites in both muscles and photoreceptors. The justing EKO transgene dosage and introduce a method apparent suppression of A current in EKO-expressing for conditionally regulating excitability using the tempermuscles also suggests that EKO channels may displace ature-sensitive Na ϩ channel mutant, para ts1 to complethe native channels at these sites. This is consistent ment pharmacological block of the EKO channel using with the rationale behind the EKO channel's design, 4-AP. Together, these techniques represent a general which was to replace a channel that normally serves as approach to controlling neural activity in living animals a mild brake to membrane depolarization (Shaker) with in a spatially and temporally restricted manner. a much more potent brake (EKO) The maximum speed of locomotion for each animal was calculated sequence of Green Lantern (GIBCO), a mammalianized form of GFP from its rate of advance during the interval of its greatest activity: and point mutations were introduced into the S3 and S4 transmemthe path length traversed during this interval (14-60 s) was divided brane domains to generate changes in the residues at positions 316 by the interval length. Wing expansion phenotypes of flies express-(D→N) and 374 (K→Q), following the numbering of Papazian et al.
ing the EKO channel under the A307-Gal4 driver were determined (1991). For bag cell neuron expression, a noninactivating construct by visual inspection several hours to several days after eclosion. In lacking the coding sequence for residues 2-29, and without the experiments with flies carrying the para ts1 mutation, only male flies, GFP tag, was prepared. For oocyte expression, constructs were which are hemizygous for the mutation, were scored. subcloned into the pGEM vector (Promega, Madison, WI) and mRNA prepared from linearized vector using the mMessage Machine Kit (Ambion, Austin, TX). For bag cell neuron expression, constructs Electrophysiology were subcloned into the pNEX-3 vector kindly provided by Dr. B.-K. Oocytes Kaang.
Xenopus oocytes were injected with 50 nl of Shaker or EKO mRNA, and currents were measured after 2 days by two-electrode voltage clamp as described by McCormack et al. (1994) . Shaker currents Generation and Characterization of the EKO Lines P{UAS-EKO ϩ } was generated by inserting the EKO channel gene were recorded in standard saline (ND96) containing 2 mM KCl while EKO currents were recorded in Na ϩ -free saline containing 98 mM into the pP{UAST} vector (Flybase, 1999). DNA for microinjection was prepared by Qiagen maxi-prep column (Qiagen, Valencia, CA), K ϩ to resolve the threshold of activation of the EKO channel. Aplysia Bag Cell Neurons and P{UAS-EKO ϩ } and the helper plasmid p25.7wc⌬2-3 were coinjected into w 1118 embryos in a ratio of 5:1 (Rubin and Spradling, EKO constructs, subcloned into the pNEX vector, were microinjected into Aplysia bag cell neurons as described by Whim and 1982) . Of 618 embryos injected, 29 survived to adulthood and gave rise to seven robust and homozygous viable EKO ϩ lines, with inserts Kaczmarek (1998a, 1998b). Because these neurons will not express the form of GFP used to tag the channel (M.D. Whim and L.K. mapped to the second (4) or third (3) chromosomes. Initial evaluation using the C155/elav-Gal4 driver led to identification of two lines Kaczmarek, unpublished data), we microinjected both tagged and untagged versions of the gene. The efficiency of expression of the (E222 ϩ and E323 ϩ ) with particularly high mortality rates when expressed heterozygously (99.7% and 40%, respectively). The E222 ϩ tagged channel was lower than that of the untagged channel (12% versus 33%), but both had similar physiological effects. The conline was found to contain two second chromosome P element inserts as determined by chromosomal in situ hybridization. P elementstruct lacking the GFP tag was coinjected with pNEX plasmid containing the jellyfish GFP gene to visualize expression. One day after containing chromosomes from these two lines were used to generate flies bearing one to three copies of the EKO transgene. microinjection, bag cell neurons were assayed for expression of the
